COP-coated vesicles
Natalia Gomez-Navarro and Elizabeth A. Miller* Approximately one third of a cell's proteins are destined to function outside the cell's boundaries or while embedded within cellular membranes. Ensuring these proteins reach their diverse fi nal destinations with temporal and spatial accuracy is essential for cellular physiology. In eukaryotes, a set of interconnected organelles form the secretory pathway, which encompasses the terrain that these proteins must navigate on their journey from their site of synthesis on the ribosome to their fi nal destinations. Traffi c of proteins within the secretory pathway is directed by cargo-bearing vesicles that transport proteins from one compartment to another. Key steps in vesicle-mediated traffi cking include recruitment of specifi c cargo proteins, which must collect locally where a vesicle forms, and release of an appropriate cargo-containing vessel from the donor organelle ( Figure 1 ). The newly formed vesicle can passively diffuse across the cytoplasm, or can catch a ride on the cytoskeleton to travel directionally. Once the vesicle arrives at its precise destination, the membrane of the carrier merges with the destination membrane to deliver its cargo.
Cytoplasmic proteins, called coat proteins, are responsible for both sorting cargo and sculpting the donor membrane to form a vesicle carrier. The fi rst transport steps in the secretory pathway are mediated by vesicles generated by two distinct coat complexes (Figure 1 ). The coat protein II (COPII) complex mediates cargo recruitment and budding from the endoplasmic reticulum (ER), yielding vesicles that are destined for the Golgi (anterograde transport). The coat protein I (COPI) complex manages traffi c from the Golgi back to the ER (retrograde transport), or between different compartments of the Golgi (intra-Golgi transport).
Primer
Focusing on these two canonical coats, we will discuss the basic design principles that govern protein traffi cking between the ER and Golgi and the physiological relevance of this process.
Donor and acceptor organelles in the early secretory pathway: ER, ERGIC and Golgi Secretory proteins are translated by cytoplasmic ribosomes that engage with the ER membrane via a membrane-embedded translocation channel, through which the nascent polypeptide gains access to the ER lumen and/or membrane. The primary role of the ER is to provide an optimized environment for protein folding and maturation. Once properly folded, nascent secretory proteins accumulate at specifi c ER exit sites (ERES), which are discrete membrane domains coated with COPII coat proteins. These exit sites are relatively stable and act as a part of the ER quality control system because misfolded proteins and ER residents are largely excluded from these regions. It is at these sites that COPII vesicles destined for the Golgi apparatus are formed.
In plants and yeast, COPII vesicles likely fuse directly with the Golgi, which is located in close proximity to ERES. However, in mammalian cells, transport from the ER to the Golgi also includes a way-station -a series of membranes known as vesicular tubular clusters (VTCs) or the ERGolgi intermediate compartment (ERGIC; Figure 1 ). These organelles are formed by the homotypic fusion of COPII vesicles to generate a structure that has a biochemical composition distinct from that of the ER or Golgi and that can alter its shape and size in response to environmental changes. The membrane clusters formed during fusion events rapidly recruit the COPI coat, which also marks this compartment. Ultimately, the ERGIC membranes move to the Golgi proper where they release their contents for onward transport. In addition to functioning as a carrier on the anterograde pathway, the ERGIC also plays a role in protein quality control by serving as a checkpoint compartment from which proteins can be retrieved back to the ER.
Current Biology 26, R47-R59, January 25, 2016 ©2016 Elsevier Ltd All rights reserved R55 ER resident proteins that contain retrieval signals are sent back to the ER, and escaped misfolded proteins may also access this route to return to the ER for further folding opportunities. Sorting into the retrieval (retrograde) pathway is mediated by COPI vesicles, which capture ER residents via their retrieval signals: K(X)KXX for membrane proteins and K/HDEL for lumenal ER residents. For nascent secretory and membrane proteins, delivery to the Golgi initiates a controlled series of covalent modifi cations as the proteins travel from the inward-facing (cis-) side to the extracellular-facing (trans-) side of the Golgi, and from there to further compartments of the secretory pathway.
Coats self-assemble to generate vesicles
The process of building transport vesicles requires the concerted action of the cytoplasmic coat proteins. For COP-coated vesicles, this process has been reconstituted in vitro, allowing the precise dissection of distinct events in the birth of a vesicle. Coat proteins in general fulfi l two roles: selective capture of cargo proteins within the donor compartment, including the appropriate fusion machinery that will ensure vesicle delivery; and generation of membrane curvature to yield small, spherical transport carriers. The COP proteins that drive vesicle formation in the early secretory pathway have some common features but remain fundamentally distinct in most of their molecular details.
The COPII coat comprises fi ve proteins, Sar1, Sec23, Sec24, Sec13 and Sec31, which assemble in a sequential manner (Figure 2 ). Coat assembly is initiated by activation of the small GTPase Sar1, a member of the Ras superfamily. Sar1 has low intrinsic GDP-to-GTP exchange activity, so requires an ER resident membrane protein, Sec12, to facilitate GTP loading and local activation. When bound to GTP, Sar1 exposes an amino-terminal amphipathic -helix, which becomes embedded in the lipid bilayer. Sar1-GTP at the ER membrane recruits a heterodimer of Sec23 and Sec24 through an interaction with Sec23. Sec24 selects cargo proteins by directly binding to ER export signals. Soluble secretory proteins contained within the lumen of the ER cannot directly interact with Sec24, and instead rely on receptor proteins to forge a connection to the coat. Heterotetramers of Sec13 and Sec31 are subsequently recruited via an interaction between Sar1-Sec23 and Sec31. Sec13-Sec31 has the intrinsic capacity to form a spherical cage-like structure in solution and is thus thought to drive membrane curvature by enforcing this geometry on the underlying membrane.
COPI-coated vesicles form on Golgi or ERGIC membranes through the action of Arf1, a small GTPase related to Sar1, and a heptameric protein complex called coatomer (for coat protomer; Figure 2 ). Coatomer is a relatively stable complex that can biochemically be broken down into two subcomplexes: a trimeric assembly of Ret1 (-COP), Sec27 ('-COP), Sec28 (-COP), and a tetrameric complex composed of Sec26 (-COP), Sec21 (-COP), Ret2 (-COP), and Ret3 (-COP). COPI recruitment to membranes occurs in only two steps: binding of Arf1 to membranes (again via a short aminoterminal amphipathic helix), and the subsequent recruitment of coatomer, which in turn interacts with cargo proteins. Again, soluble lumenal proteins require a cargo receptorthe KDEL receptor -to bridge an interaction with the coat. Although COPI and COPII vesicles have some features in common, such as the requirement for a small GTPase that triggers vesicle formation, and some structural elements that are shared between different components, their global architecture and aspects of their functional organization are distinct.
Structural insights into COP-coated vesicle architecture
In the last decade, X-ray crystallography and cryo-electron microscopy (cryo-EM) have revealed detailed insight into the molecular basis for COP-coated vesicle R56 Current Biology 26, R47-R59, January 25, 2016 ©2016 Elsevier Ltd All rights reserved formation. The COPII coat can be divided into two layers: the Sar1-Sec23-Sec24 'inner' layer and the 'outer' Sec13-Sec31 layer (Figure 2 ). Sar1-Sec23-Sec24 forms a bowtieshaped structure that likely lies fl at on the membrane and interacts intimately with both the lipid bilayer and cargo proteins. Structural, genetic and biochemical data established that Sec24 contains multiple independent cargo-binding domains for recognition of a variety of sorting signals. In mammals, this cargobinding repertoire is further expanded by additional Sec24 isoforms with distinct cargo selectivity. Sec13-Sec31 lies distal to the membrane and forms rod-like structures that can self-assemble into a cage via end-to-end interactions, where four rods come together to form a 'vertex'. This structural organization is thought to concentrate the inner coat and scaffold membrane curvature.
The outer COPII coat components interact with the inner coat via a short peptide of Sec31 that lies across the membrane-distal surface of Sar1-Sec23. One function of this interaction is to stimulate the GTPase activity of Sar1: Sec23 is the GTPase-activating protein for Sar1, and its activity is increased 10-fold by the Sec31 peptide.
Unlike COPII, COPI does not appear to be structurally separable into 'inner' and 'outer' layers. Instead, both COPI coat subcomplexes contain regions that closely interact with the membrane and together form a 'triad' structure that seems to be the building block of the coat proper (Figure 2) . The cargo-binding subunits, '-and -COP, form an arch-like dimer that likely contacts the membrane through cargo-binding sites in the amino-terminal -propeller domains that recognize the most commonly used retrograde signal, K(X)KXX.
The ----COP subcomplex also forms an arch-like structure when it is assembled on the membrane, and seems to link adjacent -'-COP subcomplexes. The -and -COP subunits interact with the membrane through their binding to Arf1. The membrane curvature in COPI vesicles is probably driven by the penetration of the amino-terminal helices of Arf1 into the membrane and by the curved structure of the entire triad. When assembled on membranes, the arrangement of COPI triads results in an almost continuous protein envelope covering the membrane. Triads seem to be linked together via fl exible domains in -, -or -COP subunits. These contacts can adopt different interfaces, perhaps lending conformational fl exibility to the coat and determining vesicle shape and size.
Despite many intrinsic architectural differences, COPI and COPII coat scaffold proteins share some aspects of their structural organization. Common structural modules are found in -'-COP and Sec13-Sec31: each subcomplex comprises two -propeller domains followed by an -solenoid domain. Interestingly, this characteristic organization can also be found in the clathrin coat and in nuclear pore proteins, refl ecting the common evolutionary origin for these proteins, which are all involved in shaping cell membranes.
Coats adapt to the cell's needs
Biological membranes are fl uid structures that can be molded into various shapes, including narrow tubes, fl attened cisternae and small spheres. Vesicle carriers are typically small spherical structures, but, in some transport steps, different morphologies of carriers must exist. For example, pro-collagen and lipid particles are too large to fi t into canonical COPII vesicles yet are clearly traffi cked by COPIIdependent mechanisms. Similarly, membrane tubules connect distinct Golgi cisternae, and the COPI coat also seems to be capable of generating these structures. How coat proteins are regulated to alter their assembly under different physiological conditions to generate transport carriers with different physical characteristics remains poorly understood. Current Biology 26, R47-R59, January 25, 2016 ©2016 Elsevier Ltd All rights reserved R57
Cryo-EM analyses have permitted a detailed view of the interactions that drive assembly of the COPII cage, and hint at some conformational fl exibility that is probably key to allowing the coat to form carriers of different geometries. An emerging concept is that Sec13-Sec31 rods have multiple points at which they can undergo fl exion. When rods assemble into a cage, the specifi c angles at these points determine the radius of the carrier underneath. Additional versatility may derive from the arrangement of the inner coat layer, which has been observed as a closely packed lattice on tubular liposomes. Together, these points of variability create a coat that is intrinsically versatile enough to form a variety of structures ranging from spherical to tubular morphologies. It is important not to lose sight of the fact that cargo proteins themselves may also be participants in vesicle biogenesis. Cargo abundance, orientation in the membrane, and size likely infl uence the biophysical properties of the ER membrane to either promote or oppose vesicle formation. Finally, accessory proteins almost certainly also serve to regulate coat adaptation. For example, an ER membrane protein, TANGO1, participates in pro-collagen transport via mechanisms that remain to be fully defi ned. Also, a peripheral ER protein, Sec16, seems to regulate the timing of vesicle scission, a critical event in allowing a nascent vesicle to grow to a bigger size.
Like the COPII coat, COPI budding from Golgi membranes can also yield both vesicular and tubular carriers. In this case, formation of one versus the other depends on the activity of two lipid-modifying enzymes: lysophosphatidic acid acyltransferase- (LPAAT) promotes COPI vesicle formation by enhancing scission, while the cytosolic phospholipase A2- (cPLA2) drives tubulation by inhibiting this fi ssion event. How the morphology and arrangement of the COPI coat itself might change under these conditions remains to be seen.
A fi nal emerging theme in the study of COP coat function is how these coats are regulated in the more complex environment of cells.
Multiple studies show that the coat proteins themselves are subject to post-translational modifi cations. For instance, Sec23-Sec24 is phosphorylated by a Golgiassociated kinase, Hrr25, and this phosphorylation-dephosphorylation cycle ensures the directionality of the ER-Golgi traffi c. Another example is ubiquitination: both Sec23 and Sec31 are ubiquitinated and this modifi cation seems to regulate coat turnover and cage function, respectively. A similar phenomenon has been observed for COPI where '-COP is a substrate of the ubiquitin protease Ubp3-Bre5 complex, suggesting that modifi cation by ubiquitin regulates anterograde and retrograde transport between ER and Golgi compartments.
Yeast genetics, vesicle biogenesis and human disorders
The process of vesicle formation, transport and fusion has long been studied using the classical techniques of biochemistry and model organism genetics. More recently, as affordable genome sequencing has yielded molecular insight into human disease states, this information can be rapidly extrapolated to the human condition, since all of the core COP components are ancient and conserved. Indeed, a physiological view of ER-Golgi traffi cking is gaining importance in the fi eld as novel mutations in various coat proteins are identifi ed in association with diverse human disorders. Mutations in SAR1B, one of two isoforms in humans, cause defects in the biogenesis of lipoprotein particles called chylomicrons, resulting in altered levels of plasma cholesterol in what is called chylomicron retention disease (CMRD) or Anderson's disease. Mutations in both Sec23 and Sec24 have been linked to craniofacial development disorders characterized by a delay in the ossifi cation of facial bones, likely the result of collagen traffi cking defects. Mutations in -COP are associated with a hereditary autoimmune disorder that impacts lung and joint function, although the precise link between COPI dysfunction and disease remains unknown. Disease researchers can capitalize on the strong foundation of mechanistic insight into the details of coat protein function, yet also provide important new insight to basic researchers who still puzzle over mechanistic questions.
Conclusions
Our understanding of COP-coated vesicle biogenesis has increased tremendously during the past decade, with important new insight contributed through atomic-level analysis of the coats. Exciting new associations with a growing number of human diseases open up additional important questions that remain to be addressed. Current challenges include achieving a deeper understanding of how physiological regulation of cellular traffi c directly modulates coat function, and defi ning the molecular basis of morphological fl exibility in vesicles. With new disease models and higher resolution structural models, the coming years promise an exciting future.
